Abstract I discuss recent work our group has undertaken on effective-field-theory (EFT) analyses of experimental data pertaining to one-and two-neutron halo nuclei.
Introduction
"Halo EFT" is built on the scale hierarchy between the typical distances occupied by neutrons in a nuclear halo, R halo , and the size of the nuclear core, R core R halo . For nuclei in which the halo consists of a single neutron it is a simple extension of the EFT for shallow s-wave bound states developed in, e.g., Refs. [1; 2] . However, Halo EFT employs a nuclear core as one of its degrees of freedom, so it typically breaks down at lower energies than does the EFT applicable to shallow few-nucleon bound states. Halo EFT was extended to p-wave bound states in Refs. [3] and has been applied to various halo systems including 5 He [3] , 8 Li [4] , 15 C [5] , and a number of two-neutron (2n) halos [6; 7] . In Ref. [8] we showed Halo EFT is useful for the analysis of data on the Coulomb dissociation of one-neutron (1n) halos. We used data on the energy levels of 11 Be and the B(E1) of its 1/2 + to 1/2 − transition to fix the leading-order (LO) EFT parameters. We then predicted the Coulomb dissociation spectrum of 11 Be. At next-to-leading order (NLO) an additional parameter associated with the asymptotic normalization coefficient (ANC) of the 11 Be 1/2 + state enters. It can be adjusted to obtain a good description of the low-energy dB(E1)/dE spectrum [8] . In Sec. 2 I describe recent results from a similar treatment of the s-wave 1n halo 19 C. Fitting the N 2 LO EFT amplitude for the Coulomb dissociation of 19 C to experimental data allows accurate values for the n 18 C effective-range parameters to be extracted [9] .
The reaction 7 Li + n → 8 Li + γ involves capture of a neutron into a p-wave halo state. There have been many attempts to describe this process theoretically, mainly driven by its relation to a key process in the chain of solar-neutrino production reactions, 7 Be + p → 8 B + γ. An accurate EFT description of these A = 8 radiative captures rapidly runs into the difficulty that several inputs are needed already at LO. In Section 3 we describe a method we recently developed to deal with this problem. We employ ANCs obtained in ab initio calculations as input to Halo EFT. The results agree with data on the capture reaction to within the expected accuracy of a LO calculation in this EFT [10] . 1/2 = 5.4 ± 0.9 fm [11] . By applying universal relations derived from EFT to 22 C, and including estimates of higher-order EFT corrections in a treatment where 20 C is an inert core, we have put constraints on the poorly-known values of the 22 C two-neutron separation energy and n 20 C virtual-state energy using this experimental datum [12] .
Coulomb dissociation of 19 C
The 18 C ground state has J π = 0 + , while the ground state of 19 C is now understood to be 1/2 + and have a one-neutron separation energy of ≈ 500 keV, appreciably less than S 1n ( 18 C) = 4.2 MeV. 19 C is thus a candidate for an s-wave neutron-halo state. There is a reasonable separation of scales, with an expected expansion parameter R core /R halo ≈ 0.4.
In Ref. [9] we derived the dipole transition strength, B(E1), for the excitation of 19 C to the 18 C + n continuum. We found (c.f. Ref. [5] )
where
is the binding momentum of the 18 C-n bound state, and r 0 is the effective range of the n 18 C interaction. We used Eq. (1) as input to a reaction theory that relates dB(E1)/dE to the Coulomb dissociation cross section and fitted the input parameters γ 0 and r 0 to data on the differential angular and differential energy cross sections for Coulomb dissociation of 19 C from Refs. [13] and [14] . In Fig. 2 we show the input data along with the best fits. The dashed lines in Fig. 2 are fits to just the data shown in that panel, and the solid line is the combined fit. The agreement is very good, and extends beyond the fit region E < 1 MeV. We find S 1n ( 19 C) = (575 ± 55(stat.) ± 20(EFT)) keV for the one-neutron separation energy and r 0 = (2.6 +0.6 −0.9 (stat.) ± 0.1(EFT)) fm. This value of S 1n ( 19 C) is consistent with previous analyses, with a well-defined, small, theory uncertainty. The width of the longitudinal momentum distribution predicted by EFT using these parameters also agrees well with the experimental data of Bazin et al. [15] . The success of this description affirms the dominance of the s-wave configuration of the valence neutron.
3 Threshold neutron capture on 7 
Li
In Ref. [10] we applied Halo EFT to the A = 8 capture process 7 Li(n, γ) 8 Li. The degrees of freedom in our calculation are the neutron together with the ground and first-excited states of the 7 Li core. Halo EFT has previously been applied to this system [4] , but we used ANCs fromab initio calculations to fix most EFT parameters. The high-energy scale in our EFT is associated with the breakup energy of 7 Li → t + 4 He, 2.5 MeV. From the binding energy of 8 Li with respect to the 7 Li-n threshold, 2.03 MeV, we obtain a nominal expansion parameter ∼ 0.5. However, the result we ultimately find for the p-wave effective range in n 7 Li scattering suggests a more convergent expansion. We need 7 ANCs to fix the LO parameters of the theory that are pertinent to radiative neutron capture into the 8 Li ground and first-excited states. We take these from Variational Monte Carlo calculations using the Argonne v18 NN potential and the UIX 3N force [16] . By using the computed ANCs and Halo EFT formulae that relate these to scattering parameters, we find an effective "range" for n 7 Li scattering in the channel where 8 Li occurs of r 1 = −1.43 fm −1 . We can then predict capture to the ground state of 8 Li: results are shown in Fig. 2 . Note that there are two different incoming spin channels: S i = 2 and S i = 1, and we take account of the large 5 S 2 n 7 Li scattering length by resuming initial-state interactions in that channel. The nominal accuracy of our LO cross section is ≈ 40%. The central value of our predicted threshold cross section is below the average of the data, but we expect that NLO corrections to the ANCs used in the EFT will push the theory prediction up. Encouragingly, our LO EFT prediction for the ratio of capture into ground and excited states in 8 Li is within 1% of experiment, and we also obtain a good result for the ratio of capture from different spin channels. This is in contrast to the EFT calculation of Ref. [4] , which made simplifying assumptions about the reaction dynamics. Details will appear in a forthcoming publication [10] .
4 The matter radius of 22 C
EFT was applied to 2n halo nuclei in Refs. [6] . At LO the inputs to the equations describing a 2n halo are the energies of the neutron-core resonance/bound-state, E nc , and the nn virtual state, as well as the binding energy, B, of the halo nucleus 1 . In Ref. [12] we applied this theory to 22 C, understood as a 2n-halo nucleus with a 20 C core. In Fig. 4 we plot the sets of (B, E nc ) values that cover the 1-σ range of Tanaka et al.'s value-√ < r 2 > = 4.5 fm, 5.4 fm and 6.3 fm-in each case assigning a theoretical error band according to a R core /R halo derived from the matter radius of 20 C. Yamashita et al. have also investigated the LO correlation between the matter radius and EFT inputs [17; 18] . However, their computation makes additional assumptions about short-distance dynamics and finds a matter radius that is too large for a given B. Their constraints on the maximum possible value of B are about 20% weaker than ours. Fig. 4 shows that, regardless of the value of the 21 C virtual energy, Tanaka et al.'s experimental result puts a model-independent upper limit of 100 keV on the 2n separation energy of 22 C. The recent experimental finding of Mosby et al. [19] that there is no low-energy resonance in the 21 C system puts 1 The binding energy of 22 C treated as a three-body system is equal to the two-neutron separation energy. significant tension into this analysis, suggesting that 22 C is bound by less than 20 keV (1-σ, combined EFT and experimental errors). We are presently computing the Coulomb dissociation of 22 C in Halo EFT, so that we can predict the structures that will be seen in such data from this system if 22 C is indeed this weakly bound.
